The mass-accumulation rate and grain size of the total eolian component of North Pacific pelagic clays at Deep Sea Drilling Project Sites 576 and 578 have been used to evaluate changes in eolian sedimentation and the intensity of atmospheric circulation that have occurred during the past 70 m.y. Eolian deposition, an indicator of source area aridity, was low in the Paleocene, Eocene, and Oligocene, apparently reflecting the humid environments of that time as well as the lack of glacial erosion products. A general increase in eoiian accumulation in the Miocene apparently reflects the relative increase in global aridity during the latter part of the Cenozoic. A dramatic increase in eolian accumulation rates in the Pliocene reflects the increased aridity and availability of glacial erosion products associated with Northern Hemisphere glaciation 2.5 m.y. ago. Eolian grain size, an indicator of wind intensity, suggests that Late Cretaceous wind strength was comparable to present-day wind strength. A sharp decrease in eolian grain size across the Paleocene/Eocene boundary is not readily interpreted, but may indicate a significant reduction in the intensity of atmospheric circulation at that time. Fine eolian grain size and low accumulation rates in the Eocene and early Oligocene are in agreement with low early Tertiary thermal gradients and less vigorous atmospheric circulation. Large increases in grain size during the Oligocene, mid-to-late Miocene, and Pliocene appear to be a response to steepening thermal gradients resulting from increasing polar isolation.
INTRODUCTION

Background and Objectives
One of the objectives of Leg 86 of the Deep Sea Drilling Project (DSDP) was to recover a long-term record of North Pacific pelagic sedimentation in order to determine the Late Cretaceous and Cenozoic history of eolian input in the region. Until recently, the only continuous record of Cenozoic eolian deposition in the North Pacific was that of LL44-GPC-3 (Leinen and Heath, 1981; Janecek and Rea, 1983) , located in the northeastern Pacific (Fig. 1) . The recovery of an essentially continuous Cenozoic section at Site 576 (Figs. 1 and 2), at a similar latitude to LL44-GPC-3, provides an opportunity to evaluate differences in the accumulation rate and grain size of dust with distance of transport across the North Pacific. If plate movement and changing source areas can be accounted for, then the eolian records can be interpreted in terms of a paleoclimatic signal.
In addition to the long-term record of Site 576, a thick late Neogene siliceous clay section was recovered at Site 578 (Figs. 1 and 2). The high sedimentation rates at this site provide an opportunity to evaluate high frequency changes in terrigenous (eolian) input in the northwestern Pacific Ocean during the late Cenozoic.
Eolian Sedimentation
Nonbiogenic pelagic sediments recovered seaward of the realm of hemipelagic sedimentation and away from turbidites and ice-rafted debris are composed primarily of terrigenous material (mostly quartz and clays) transHeath, G. R., Burckle, L. H., et al., Init. Repts. DSDP, 86 : Washington (U.S. Govt. Printing Office).
2 Address: Lamont-Doherty Geological Observatory of Columbia University, Palisades, NY 10964. ported to the sea surface by wind. Rapid settling of these particles from surface waters by fecal pellets and large amorphous aggregates (Honjo, 1980 (Honjo, , 1983 minimizes surface current smearing of atmospheric input patterns and thus sedimentary patterns mimic surface input patterns (Berger, 1976) .
The distribution of eolian material in surface sediments has been shown to reflect present-day atmospheric circulation patterns (Rex and Goldberg, 1958; MolinaCruz and Price, 1977; Kolla et al., 1979; Thiede, 1979; Leinen and Heath, 1981) . Variations in the distribution, accumulation rate, and grain size of eolian material in Pleistocene sediments reflect changes in wind intensity, latitudinal position of the zonal winds, and continental climate (Kolla et al., 1979; Pisias and Leinen, 1984; Janecek and Rea, in press) .
The flux of wind-borne dust to the oceans depends, in part, on the strength of the zonal winds, on distance to source, and on the annual number of dust-transporting episodes, but is mainly dependent upon the climate of the source area (Prospero and Nees, 1977; Gillette, 1981; Rea and Janecek, 1981a) . Humid climates tend to promote vegetation, thereby reducing the amount of material available for wind erosion, transport, and subsequent deposition in the deep sea. High precipitation rates also increase the scavenging of dust by rain thus decreasing the amount of deposition downwind (Windom, 1975, Parkin and Padgham, 1975) . Therefore, variations in the accumulation rate of eolian material will primarily reflect changes in continental climate.
Both air-sampling (Johnson, 1976; Glaccum and Prospero, 1980 ) and theoretical calculations (Gillette et al., 1974; Schutz, 1979) suggest that beyond 1000 km distance from the source, eolian material is in equilibrium with the transporting wind. That is, the settling velocities of the particles are some small fraction of the verti- (Janecek, 1983) and piston cores KK75-02 (Janecek and Rea, in press ) and LL44-GPC-3 (Janecek and Rea, 1983) are also shown for reference.
cal velocity component of atmospheric motions. These equilibrium grains, which can remain in suspension indefinitely (Gillette et al., 1974) , are carried global distances in the upper troposphere (Windom, 1969; Schutz, 1979) and are generally removed by rain (Jackson et al., 1973) . A change in the size of the equilibrium grain represents a change in the intensity of the transporting wind, with stronger winds carrying larger particles (Parkin, 1974) . Thus, the independent nature of the grain-size and accumulation-rate data allow us to determine the intensity of past atmospheric circulation and the amount of dust input to the seafloor from the same samples.
Geologic Setting
Site 576 was hydraulically piston cored to a depth of 74 m sub-bottom east of the Shatsky Rise. The site lies in over 6200 m of water beneath the central Pacific water mass (Fig. 1) . Site 576 was chosen to be in an area of uniform pelagic "red clay" sedimentation between the Shatsky Rise and the Emperor Seamounts, but far enough east to minimize the fraction of the section occupied by ash layers. The area around Site 576 is characterized by gently rolling topography with less than 50 m of local relief (see Site 576 chapter, this volume). Three major lithologic units are recognized at Site 576 and are shown in Figure 2 . Basal lithologic Unit III, consisting of chert and porcellanite fragments, forms the prominent reflector at the base of the "transparent layer" in the North Pacific.
Site 578 was drilled to 176.8 m sub-bottom in 6010 m of water west of the Shatsky Rise (Fig. 1 ) in an area of gently rolling seafloor with local relief of tens of meters. The seafloor is underlain by a section several hundred meters thick lying above Cretaceous chert and chalk and characterized by continuous parallel sub-bottom reflectors. The late Neogene section was divided into four lithologic units ( Fig. 2 ; see Site 578 chapter, this volume).
METHODS
The samples for Site 576 were taken primarily from Hole 576B at approximately 1.5-m intervals (one per section) to a depth of 58 m. Coring gaps in Hole 576B were filled with samples from Hole 576 (Table 1) . Samples for Site 578 were taken at 30-to 50-cm intervals to a depth of 100 m ( Table 2) .
The basic data set for this study includes (1) the weight percent of the total eolian load rather than just the weight percent of quartz, which comprises only 20 to 40% or less of the total eolian load (Windom, 1969; Prospero and Bonatti, 1969; Johnson, 1979; Prospero et al., 1981) and (2) the grain size of the eolian material. The detrital mineral or eolian component is isolated by a series of selective extractions to remove calcium carbonate, opaline silica, Fe and Mn oxides, and hydroxides and zeolites. The amount of residual eolian material, predominantly fine-grained quartz and clays, determines the eolian weight percentage (see Rea and Janecek, 1981b for details of the chemical procedures).
Grain-size analysis of the eolian component was carried out on the 6-to 10-<j> (16 to 1 µm) size fraction at 0.5-Φ intervals using a Coulter Counter model Zb particle-size analyzer. This procedure is described in detail by Graham and Rea (1980) , and the precision of the resulting size determinations is ±0.03 Φ (average of difference between duplicate samples).
Linear Sedimentation Rates
At Site 576, paleomagnetic reversal stratigraphy (see Heath, Rea, and Levi, this volume) was used to calculate sedimentation rates from 25 m sub-bottom to the surface (4.77 m.y. ago to present). Below 25 m ichthyolith stratigraphic ranges constrain ages in the least-fossiliferoµs clays (Doyle and Riedel, this volume). Further age constraints are provided by foraminiferal and nannofossil datums in the carbonate oozes at the base of the hole (D'Agostino, this volume; Monechi, this volume). A smooth sedimentation-rate curve was constructed using the paleomagnetic data and microfossil age ranges (Fig. 3) . Sedimentation rates were determined from the slope of the curve at 5-m.y. intervals and are included in 
Mass-Accumulation Rate Calculations
To calculate the mass-accumulation rate of a sedimentary unit the actual dry mass of sediment per unit volume must be determined. The mass-accumulation rate is then the product of the linear sedimentation rate and this dry-bulk density. The dry-bulk density was determined by weighing, freeze-drying, and reweighing a known volume of original sample. Details of the procedures and calculations are found in Rea and Janecek (1981b) . The calculated dry-bulk densities and mass-accumulation rates for Sites 576 and 578 are included in Tables 1 and 2 , respectively. Eolian mass-accumulation rates were calculated by multiplying the eolian weight percentage by the total mass-accumulation rate and are presented in Tables 1 and 2 and Figures 4 and 5. The precision of the chemical techniques was determined by replicate analyses and is less than ±3%. The accuracy of the final values for the mass-accumulation rates of the eolian component is determined largely by the accuracy of the stratigraphy. The placement of zonal boundaries, assuming constant linear sedimentation rates between boundaries and assignment of absolute ages to those boundaries almost certainly results in errors larger than the few percent that are the result of the laboratory work. Therefore, geological significance is not attached to changes in mass-accumulation rate of less than 10% of the values.
RESULTS
Eolian Mass-Accumulation Rates
In the Late Cretaceous, Paleocene, and early Eocene the eolian mass-accumulation rates at Site 576 (Fig. 4 ) remain relatively constant, averaging about 40 mg/cm 2 / I0 3 yr. Eolian accumulation rates then decline through the middle and late Eocene to about 15 mg/cm 2 /10 3 yr., where they remain until the early Miocene. Eolian massaccumulation rates increase in the early Miocene to almost 30 mg/cm 2 /10 3 yr., then increase by more than a factor of two in the middle to late Miocene to 60 mg/ cm 2 /10 3 yr. In the Pliocene, eolian accumulation rates increase dramatically to values over 400 mg/cm 2 /10 3 yr. Eolian accumulation rates at Site 578 ( Fig. 5 ) are relatively low and constant during the interval from 4.5 to 3.0 m.y. ago, averaging 500 mg/cm 2 /10 3 yr. A peak in eolian accumulation rates at 2000 mg/cm 2 /10 3 yr. occurs around 3.0 m.y. ago, followed by a permanent increase in eolian accumulation rates around 2.5 m.y. ago to values in the range of 1500 to 2500 mg/cm 2 /10 3 yr. Samples younger than 2.5 m.y. appear to exhibit greater variability, although this may be an artifact of the greater sample density in the upper portion of the core.
Eolian Grain Size
The size of the wind-borne grains at Site 576 increases from 8.70 </ > in the Late Cretaceous to 8.40 Φ in the Paleocene (Fig. 4) , representing a 50% increase in grain mass. Eolian size decreases sharply to 8.85 0 in the early Eocene and declines further to a low of 8.98 Φ in the earliest Oligocene, equivalent to an overall decrease in grain mass by a factor of 2.7. From this low in the early Table 2 . Data generated for the calculation of eolian mass-accumulation rates and grain size at Site 578.
Sample (interval in cm)
1-1, 28-31 1-1, 56-59 l-l, 88-91 -1, 115-118 -1, 140-143 -2, 28-31 -2, 56-59 -2, 88-89 -2, 116-119 -2, 140-143 -3, 28-31 -3, 56-59 -3, 88-91 -3, 116-119 1-3, 141-144 2-1, 9-12 2-1, 59-62 2-1, 100-103 2-2, 9-12 2-2, 59-62 2-2, 100-103 2-3, 2-12 2-3, 59-62 2-3, 100-103 2-4, 9-12 2-4, 59-62 2-4, 100-103 2-5, 9-12 2-5, 59-62 2-5, 100-103 2-6, 9-12 3-1, 8-11 3-1, 55-58 3-1, 115-118 3-2, 8-11 3-2, 55-58 3-2, 115-118 3-3, 8-11 3-3, 55-58 3-3, 115-118 3-4, 8-11 3-4, 52-55 3-4, 115-118 3-5,8-11 3-5, 55-55 3-5, 115-118 3-6, 8-11 3-6, 52-55 3-6, 115-118 3-7, 8-11 4-1, 8-11 4-1, 56- 5-5, 60-63 5-5, 100-103 5-6, 33-36 5-6, 100-103 5-7, 33-36 6-1, 57-60 6-1, 100-103 6-1, 140-143 6-2, 52-55 6-2, 100-103 6-2, 140-143 6-3, 30-33 6-3, 95-98 6-4, 15-18 6-4, 90-93 6-4, 140-143 6-5, 50-53 6-5, 90-93 6-5, 140-143 6-6, 47-50 6-6, 100-103 6-7, 37-40 7-1, 12-15 7-1, 60-63 7-1, 110-113 7-2, 10-13 7-2, 60-63 7-2, 135-138 7-3, 10-13 7-3, 60-63 7-3, 110-113 7-4, 10-13 7-4, 60-63 7-4, 110-113 7-5, 10-13 7-5, 60-63 7-5, 110-113 7-6, 10-13 7-6, 60-63 7-6, 110-113 7-7, 12-15 8-1, 20-23 8-1, 74-77 8-1, 120-123 8-2, 20-23 8-2, 74-77 8-2, 120-123 8-3, 20-23 8-3, 74-77 8-3, 120-123 8-4, 20-23 8-4, 75-78 8-4, 130-133 8-5, 20-23 8-5, 74-77 8-5, 123-128 8-6, 20-23 8-6, 60-63 8-6, 114-117 8-7, 24-27 9-1, 17-20 9-1, 67-70 9-1, 114-117 9-2, 17-20 9-2, 71-74 9-2, 114-117 9-3, 17-20 9-3, 67-70 9-3, 114-117 9-4, 17-20 9-4, 47-50 9-4, 114-117 9-5, 30-33 9-5, 67-70 9-5, 105-108 9-6, 14-17 9-6, 54-57 9-6, 97-100 9-7, 14-17 10-1, 9-12 10-1, 56-59 10-1, 108-111 10-2, 9-12 10-2, 62-65 10-2, 108-111 10-3, 9-12 10-3, 56-59 10-3, 108-111 10-4, 9-12 10-4, 56-59 10-4, 102-105 10-5, 9-12 10-5, 56-59 10-5, 108-111 10-6, 9-12 10-6, 56-59 11-1, 40-43 11-1, 80-83 11-1, 134-137 11-2, 40-42 11-2, 80-83 11-2, 138-141 11-3, 30-33 11-3, 77-80 11-3, 122-125 11-4, 40-43 11-4, 80-83 11-4, 122-125 11-5,40-43 11-5, 77-80 11-5, 122-125 11-6, 41-44 11-6, 122-125 Oligocene, the size of the eolian material steadily increases to 8.55 Φ in the early Miocene. Following a decrease in size to 8.73 Φ in the middle Miocene, eolian size increases through the late Miocene and Pliocene to 8.35 Φ• The increases in size during the Oligocene and late Miocene/Pliocene are equivalent to changes in grain mass by a factor of 2.4 and 2.1, respectively. Between 4.5 and 2.5 m.y. ago the average eolian grain size at Site 578 (Fig. 5 ) was relatively small, generally less than 8.00 Φ The size of the eolian material increases from an average of 8.20 </ > at 2.5 m.y. ago to an average of 7.7 Φ at 1.5 m.y. ago, then decreases to an average of 8.00 Φ over the last million years.
DISCUSSION
Comparison of DSDP Site 576 and LL44-GPC-3
The record of eolian accumulation and grain size at DSDP Site 576 provides an excellent complement to the record at LL44-GPC-3 Heath, 1981, Janecek and Rea, 1983; Leinen, this volume) , located 3500 km to the east at approximately the same latitude (Fig. 1) . The eolian mass-accumulation rate and the grain size for both sites are plotted in Figure 6 .
During the Late Cretaceous and Paleocene, Site 576 was moving northward on the Pacific plate under the northeast trade winds (Fig. 7) . Eolian accumulation rates were relatively low, averaging about 40 mg/cm 2 /10 3 yr. Low eolian input is in agreement with independent data suggesting warmer (Savin, 1977; Frakes, 1979) and wetter (Wolfe and Hopkins, 1967; Wolfe, 1978; Kemp, 1978) climatic conditions during the early Cenozoic than at the present. In addition, the lack of glacial erosion products would mean less material was available for erosion and transportation. Eolian accumulation rates decreased further to less than 20 mg/cm 2 /10 3 yr. during the middle and late Eocene and may be indicative of the humid climates that characterized that time (cf. Frakes, 1979) and/or the passage of the site out of the core of the trade winds (Leinen and Heath, 1981) . The low accumulation rates in the Oligocene contrast with other climatic data (cf. Frakes, 1979 ) that suggest drier conditions in the Oligocene than in the Paleocene and Eocene.
The eolian accumulation records at Site 576 and LL44-GPC-3 are very similar for the Late Cretaceous and early Cenozoic; both are characterized by relatively low rates. However, eolian accumulation rates at Site 576 are two to three times greater than at LL44-GPC-3. In addition, the record at LL44-GPC-3 is marked by an accumulation rate maximum in the early Eocene that is not present at Site 576 (Fig. 6) .
The early Eocene accumulation maximum at LL44-GPC-3 has been interpreted by Leinen and Heath (1981) to be the result of the site moving through the zone of the maximum northeast trade wind influence in the eastern Pacific. The lack of similar pattern at Site 576 may be the result of poorly constrained biostratigraphy. The higher early Cenozoic eolian accumulation rates at Site 576 relative to LL44-GPC-3 are interesting in that LL44-GPC-3 is 3500 km closer to the predominant source regions in Central America and Mexico and might be expected to have greater eolian accumulation rates. The difference, again, may be the result of poorly constrained biostratigraphy at both sites. Another possible explanation, however, is that Site 576 was receiving significant input from Asia as well as from Central America. Duce et al. (1980) have shown that Asian dust can contribute significantly to the total marine aerosol at locations in the trade winds. At present, dust originating in Asia is carried eastward by the high-level westerlies, injected below the trade-wind inversion by subsidence associated with anticyclones moving off of Japan in the spring of the year, and carried westward by the trade winds. If such trajectories occurred in the early Cenozoic, Site 576 would have been influenced more by these circulation patterns than LL44-GPC-3 and, thus, would record higher eolian input.
Distinct changes in eolian accumulation rates and in the mineralogy of bulk sediment (Leinen, this volume; Schoonmaker et al., this volume) at 25 m.y. ago may be the result of the two sites moving into the influence of the westerlies at this time. Schoonmaker et al. (this volume) record an increase in quartz and feldspar content as well as an increase in mixed layer illite to smectite ratio at Site 576 around 20-25 m.y. ago. Leinen (this volume) shows an increase in quartz content at 28 m.y. ago and a gradual increase between 18 and 8 m.y. ago at Site 576. Leinen and Heath (1981) recorded a large change in the quartz content and chemistry of the sediments at LL44-GPC-3 approximately 23 m.y. ago. In addition, they report a gradual increase in quartz content between 18 and 8 m.y. ago. The temporal difference in the initial increase in quartz content at Site 576 is probably the result of the greater sample density used by Leinen in her study. Thus, the mineralogy data suggest a change in source material from quartz-poor, more basic dust before the Miocene to a more quartz-rich material from the Asian continent after the sites moved into the influence of the westerlies between 20 and 28 m.y. ago (Leinen and Heath, 1981) . The details of that transition time remain unclear, however, because of stratigraphic uncertainty.
Eolian accumulation rates underwent another increase at both sites between 15 and 10 m.y. ago (Fig. 6) , a time coincident with the onset of rapid ice-volume increase in Antarctica (Savin, 1977; Brewster, 1980; Woodruff et al., 1981) . This increase in the mid-to-late Miocene, along with a factor of six increase in accumulation rates in Pliocene/Pleistocene time, supports the general correlation between glacial ages, global aridity, and an increase in glacial erosion products for dust transport (Rea and Janecek, 1982) .
Eolian Grain Size and Atmosphere Circulation
The size of wind-borne grains at Site 576 (Fig. 4) increased from the Late Cretaceous into the Paleocene, suggesting a slight increase in the intensity of atmospheric circulation across the Cretaceous/Tertiary boundary. An increase in quartz grain size (Janecek and Rea, 1983) is also seen at LL44-GPC-3 over this same time interval, although the trend in the total eolian component is less obvious (Fig. 6) . Thus, there may not be a significant change in atmospheric circulation across the Cretaceous/ Tertiary boundary. The sampling interval in these cores, however, was not designed to resolve short-duration phenomena.
The eolian grain size at Site 576 in the Late Cretaceous and Paleocene is equivalent to that in the Pliocene and Pleistocene, two very different climatic intervals. Global atmospheric circulation models developed by Barron and Washington (1982) that incorporate Cretaceous paleogeography suggest that Cretaceous wind speeds may have been increased relative to the present and were much greater than would be inferred from Cretaceous pole-toequator temperature gradients. The eolian size data from Site 576 and LL44-GPC-3 are in agreement with relatively high Cretaceous wind intensities. A sharp reduction in the eolian grain size at Site 576 near the Paleocene/Eocene boundary could represent a significant reduction in the intensity of atmospheric circulation. Over this relatively short time span, the eolian grain mass is reduced by a factor of three at Site 576; a change on the order of the one that occurs between the glacial-to-interglacial oscillations in the late Pleistocene (Janecek and Rea, in press) . A similar, although larger, size decrease occurs at LL44-GPC-3 (Fig. 6 ) at this time (Janecek and Rea, 1983) . Diagenetic effects resulting in increased grain size in the older sediments are not the cause of the size change, since scanning electron microscopy of the eolian material at LL44-GPC-3 (Janecek and Rea, 1983 ) and at Site 576 shows no grain overgrowths or cementation in the older sediments. Since the eolian material is in equilibrium with the transporting wind because of the large transport distances involved, the introduction of material from a more distant source area should have little, if any, effect on the size of the eolian grains. This sharp decrease in grain size might be associated with a reduction in pole-to-equator temperature gradients at this time, although there is little other independent paleoclimatic information to suggest such a large change in climate in the early Eocene.
The relatively low grain-size values in the Eocene and early Oligocene imply that the vigor of atmospheric circulation was lower at that time than at any other time in the Cenozoic. This scenario is supported by planktonic and benthic 18 O data (Savin, 1977) , which indicate low latitudinal thermal gradients and hence sluggish atmospheric circulation during the Eocene and early Oligocene. Following the low in eolian grain size in the late Eocene and early Oligocene, eolian grain size at both sites increased steadily into the early Miocene. The increase in wind intensity suggested by this information corresponds well with the sudden onset of polar cooling and cold bottom-water formation about 38 m.y. ago (Kennett and Shackleton, 1976) .
The decrease in grain size at both sites in the early Miocene (Fig. 6 ) may be the result of a slight warming trend at that time. Oxygen isotopes (Woodruff et al., 1981) indicate an increase in temperature in the early Miocene and thus, possibly a reduction in pole-to-equator temperature gradients and in the intensity of the zonal winds. The reduction in grain size also may be, in part, the result of the light and variable winds associated with the transition zone between the prevailing westerlies and the trade winds. The size of the wind-borne material at LL44-GPC-3 (Fig. 6 ) increased during the Miocene, suggesting an intensification of atmospheric circulation, apparently the result of polar cooling (Bandy et al., 1969; Savin, 1977; Woodruff et al., 1981) . However, the record at Site 576 shows an overall decrease in grain size between 10 and 20 m.y. ago. Because the record at Site 576 over this time interval is constrained by only three points, it is unclear to what degree the data actually conflict. Both sites exhibit generally coarsening grain-size trends in samples younger than 10 m.y. A relatively smaller increase in grain size in the Pliocene than in the Miocene and Oligocene suggests that larger increases in atmospheric circulation occurred during the Oligocene and possibly the Miocene than during the onset of Northern Hemisphere glaciation.
The Onset of Northern Hemisphere Glaciation
The eolian accumulation rate and grain-size data for Site 576 and LL44-GPC-3 increase dramatically in the mid-Pliocene, coincident with the onset of Northern Hemisphere glaciation. However, the low sedimentation rates in these cores make it difficult to establish the timing of the changes in eolian deposition with the onset of North- 
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igure 7. Backtrack path of DSDP Site 576 and LL44-GPC-3 (Leinen and Heath, 1981) . Points on the backtrack path mark 5 m.y. intervals along the path.
em Hemisphere glaciation. The high sedimentation rates at Site 578 allow increased resolution to evaluate better the changes in eolian input and atmospheric circulation with the onset of Northern Hemisphere glaciation. Until recently, the onset of major Northern Hemisphere glaciation was thought to have occurred around 3.2 m.y. ago. Much of the evidence supporting this date has come from low-resolution rotary-drilled DSDP cores and widely spaced samples. The inception of ice-rafting observed in rotary-drilled cores in the North Atlantic (DSDP Sites 111 and 116) was thought to occur about 3.0 m.y. ago (Berggren, 1972) . In rotary-drilled cores in the Mediterranean Sea, Thunell (1979) found foraminiferal evidence for significant cooling around 3.2 m.y. ago. Oxygen-isotope analyses from foraminifers in the same sediments suggest a surface-water cooling at 3.2 m.y. ago followed by an ice-volume increase between 3.1 and 3.0 m.y. ago (Keigwin and Thunell, 1979) . These results are in agreement with those of Saito (1976) and Keigwin (1979) , which date the final closing of the Isthmus of Panama between 3.5 and 3.1 m.y. ago.
However, other evidence, including the eolian data presented here, suggest a later date for the onset of major ice buildup. In the Atlantic Ocean, off northwest Africa at Site 397, a significant increase in the variability of oxygen-isotope data occurs around 2.5 m.y. ago (Shackleton and Cita, 1979) . Herman (1974) recorded a distinct change in sediment characteristics and microfaunal abundances in the Arctic about 2.4 m.y. ago. More recent work (Shackleton et al., 1984) from Site 552 in the North Atlantic, shows that the onset of Northern Hemisphere glaciation, as marked by the appearance of an alternating sequence of nannofossil-foraminifer oozes and ice-rafted debris, occurred about 2.4 m.y. ago. A reexamination of the sediment from Sites 111 and 116 by Bachman (1979) resulted in an age of 2.5 m.y. for the earliest onset of ice-rafted debris at those sites.
Several data sets from the Pacific Ocean also suggest a later date for the onset of Northern Hemisphere glaciation. Conolly and Ewing (1970) recorded the beginning of ice-rafted debris about 2.5 m.y. ago from evidence in piston cores. Rea and Schrader (in press) came to a similar conclusion based upon the reexamination of ice-rafting in North Pacific cores. Shackleton and Opdyke (1977) analyzed oxygen isotopes in foraminifers in equatorial Pacific sediments which recorded a permanent change in isotopic composition around 3.1 m.y. ago. However, they also showed a major change in the variability of the oxygen isotopes around 2.5 m.y. ago, indicating glacial ice volume of a magnitude at least two-thirds that of the later Pleistocene glaciations.
The eolian mass-accumulation rates and grain size at Site 578 support the later date of 2.4 to 2.5 m.y. ago for the onset of major ice buildup in the Northern Hemisphere. At Site 578, the eolian accumulation rates increase by more than a factor of two and appear to become highly variable around 3.0 m.y. ago, near the time previously associated with the onset of Northern Hemisphere glaciation. However, following this temporary increase, eolian input decreases between 2.9 and 2.5 m.y. ago, then increases sharply at 2.5 m.y. ago, and remains high and variable until the present. A similar pattern is seen in the eolian record at Sites 310 and 503 in the North Pacific. The accumulation rates at these two sites record a relative maximum around 2.9 to 2.75 m.y. ago and an increase to higher rates around 2.5 m.y. ago (Janecek, 1983) .
This later age for the major climate change is also supported by the grain-size records at Sites 578, 310, and 503 (Janecek, 1983) . All three sites record the largest grain size and hence wind vigor after 2.5 m.y. ago. In addition, the grain-size record at Site 578 also suggests a maximum in wind intensity occurred around 1.5 to 1.0 m.y. ago.
Combined, these data suggest that the significant change in Northern Hemisphere continental climate occurred as late as 2.5 to 2.4 m.y. ago. The increased eolian accumulation apparently is the result of the general increase in global aridity associated with stronger surface outflow of air from the continents, which enhances sinking motions and thus reduces rainfall (Manabe and Hahn, 1977) . The changes in grain size would be a natural consequence of large ice expansion in the Northern Hemisphere as albedo feedback at high latitudes would result in steepened thermal gradients, increased wind intensity (Gates, 1976; Berger et al., 1981; CLIMAP, 1981) , and hence larger grains transported to the deep sea.
The eolian records at Sites 578, 503, and 310 suggest that a "cooling event" or dry period may have occurred about 2.9 to 3.0 m.y. ago. The eolian accumulation records at all three sites record peaks in accumulation at this time and suggest dryer (colder?) conditions in Asia, central America, and northern South America. The eolian grain size, however, does not change significantly at this time, suggesting the dryer (colder?) conditions were not accompanied by an increase in the intensity of atmospheric circulation.
Recent studies of oxygen isotopes in the Mediterranean and South Atlantic also suggest that a temporary global cooling occurred around 3.0 m.y. ago, prior to the onset of Northern Hemisphere glaciation. Isotopic records from the Mediterranean (Thunell and Williams, 1983) show that the interval between 4.2 and 2.5 m.y. ago was marked by relatively warm and stable conditions. However, a short-term enrichment of 18 O occurred about 3.2 m.y. ago, which Thunell and Williams (1983) interpreted to reflect a cooling of surface water rather than a buildup of continental ice. A permanent shift in 18 O is recorded in the Mediterranean at 2.5 m.y. ago, indicating the initial large buildup of permanent continental ice (Thunell and Williams, 1983) .
Isotopic records from the South Atlantic (Hodell et al., 1983) indicate no 18 O enrichment in the planktonic foraminifers at 3.2 m.y. ago, although each site studied contained an enrichment in the benthic foraminifers that increased in magnitude with depth. Hodell et al., (1983) suggested that the event 3.2 m.y. ago does not necessarily represent an increase in ice volume but rather a fun-damental change in deep-water ocean circulation patterns resulting from a global cooling event and/or the closing of the Central American Seaway.
Implications for Long-Distance Transport
The late Pleistocene eolian records at Sites 576 and 578 can be compared with other late Pleistocene North Pacific records from similar latitudes to constrain models of long-distance dust transport. Late Pleistocene eolian accumulation and grain size records from Sites 576 and 578 (this manuscript and unpublished data), University of Hawaii piston Core KK75-02 (Janecek and Rea, in press) , and LL44-GPC-3 (Janecek and Rea, 1983) were averaged and plotted versus longitudinal distance (Fig.  8) to determine trends in accumulation and grain size with distance of transport. The reader is referred to the Janecek and Rea, in press) , and LL44-GPC-3 (3 samples, Janecek and Rea, 1983) . Error bars indicate one standard deviation.
aforementioned references for a compilation and a more comprehensive analysis of the data for these cores. Both the accumulation rates and grain size decrease sharply between Sites 578 and 576 and then decrease very slowly farther to the east between Site 576 and LL44-GPC-3. This information suggests that the eolian material reaching Site 578 is influenced to a large extent by gravitational settling and thus records more and larger material. By the time that the eolian grains reach Site 576 in the central North Pacific, they have a size distribution that is nearly in equilibrium with the transporting wind. That is, the settling velocity of the grains is balanced by the lifting effects of atmospheric motions (Gillette et al., 1974; Gillette, 1981) and the grain size remains constant with further transport. Recent work by Dauphin (1983) on quartz grains in the North Pacific has shown that there is a linear decrease in quartz size across the North Pacific. This implies a heterogeneous or continually changing mineral aerosol across the North Pacific. The grain-size and accumulation-rate data presented here, as well as the uniformity of quartz concentration between Site 576 and LL44-GPC-3 (Leinen, this volume), suggest that a very homogeneous dust composition is present after several thousand kilometers of transport. The data in Figure 8 suggest that Site 576 is not quite at the equilibrium point, which might explain why the grain size and accumulation rates for Site 576, while it has been under the influence of the westerlies, are greater than those of LL44-GPC-3.
Intensity of Atmospheric Circulation
The atmospheric motions that support this equilibrium grain size can be quantified by using Stokes's settling law to calculate the settling velocity of dust grains in the air. Thus, changes in wind intensities in the past can be determined by comparing, in ratio form, the settling velocities calculated from the grain size from two different samples. As all terms except the grain size in Stoke's law will remain constant, the ratio of wind intensities between two different time horizons is given by the ratio of the squares of the larger, £> L 2 , and smaller, D s 2 , grain diameters (Janecek and Rea, in press ). These ratios can be applied to grain-size data sets from sites far enough from the source for grain size to be nearly in equilibrium with the transporting wind. Application of this ratio to the eolian grain-size record at Site 576 suggests that atmospheric circulation was reduced by at least a factor of 2.2 across the Paleocene/ Eocene boundary. Increases in wind intensity in the Oligocene and Pliocene are by factors of 1.8 and 1.4, respectively. In comparison, at LL44-GPC-3 wind intensity decreases by a factor of 3.8 at the Paleocene/Eocene boundary. At this same site, wind intensity increases by a factor of 1.5 for the Oligocene, 1.8 for the Miocene, and 1.3 for the Pliocene.
SUMMARY
The grain size and mass-accumulation rate of eolian material isolated from Sites 576 and 578 in the Northwest Pacific have been used to evaluate changes in eolian sedimentation rate and the intensity of atmospheric circulation that have occurred during the past 70 m.y. The similarity in source regions and latitudinal positions of DSDP Site 576 and LL44-GPC-3 (located 3500 kilometers to the east) provides an opportunity to evaluate differences in long-distance transport of dust to the North Pacific during the Cenozoic. The temporal pattern of eolian accumulation rate and grain size is very similar in both cores. The eolian accumulation rate, an indicator of source area climate, is relatively low in the Late Cretaceous and early Cenozoic, in agreement with the humid conditions that characterized that time period. Increased eolian accumulation occurred at 25 m.y. ago, 15-10 m.y. ago, and around 3.0 m.y. ago. The increase around 25 m.y. ago is probably the result of the two sites moving into the westerlies, whereas the increase 15-10 m.y. ago coincides with the expansion of ice in Antarctica and a general increase in global aridity. An order of magnitude increase in accumulation rates in the Pliocene coincides with the onset of Northern Hemisphere glaciation. Eolian grain size, an indicator of wind intensity, suggests that Late Cretaceous and Paleocene time are characterized by wind intensities comparable to the present, a scenario supported by recent computer models of atmospheric circulation. A large decrease in grain size at the Paleocene/Eocene boundary is not readily explainable but suggests that a significant decrease in the intensity of atmospheric circulation may have occurred at that time. The lowest grain-size values occur in the middle Cenozoic and are in agreement with other proxy indicators of climate suggesting low thermal gradients and sluggish atmospheric circulation. The grain-size records indicate that relatively larger increases in atmospheric circulation occurred in the Oligocene (38 to 25 m.y. ago) and Miocene (20 to 10 m.y. ago) than with the onset of Northern Hemisphere glaciation in the Pliocene.
High-resolution samples from Site 578 record a temporary increase in grain size and accumulation rate around 3.0 m.y. ago and a permanent increase in both parameters 2.5 m.y. ago. These records lend support to the idea that Northern Hemisphere glaciation occurred 2.4 to 2.5 m.y. ago and that the earlier event (3.0 m.y. ago) was a temporary global cooling.
Differences in accumulation rate and grain size with transport distance suggest that these indicators decrease exponentially, not linearly, with transport distance across the North Pacific and do not reach an equilibrium state until at least 3000 km distance from source areas.
